considerably lower. 4 Aspirin first comes into contact with platelets in the portal circulation, and as a consequence, platelets are exposed to substantially higher drug levels than are present in the systemic circulation. 4 Aspirin has a half-life of 15 to 20 minutes in plasma.
Despite the rapid clearance of aspirin from the circulation, its antiplatelet effect lasts for the life of a platelet owing to the permanent inactivation of a key platelet enzyme, an effect that can be reversed only through the generation of new platelets. 5 Thus, there is a complete dissociation between the pharmacokinetics and pharmacodynamics of aspirin, allowing the use of a once-a-day regimen for antiplatelet therapy despite the very short half-life of the drug.
The best-characterized mechanism of action of aspirin occurs through permanent inactivation of the cyclooxygenase (COX) activity of prostaglandin H (PGH) synthase 1 and synthase 2, also referred to as COX-1 and COX-2, respectively 5 ( Fig. 1 ) . These mechanism of action Arachidonic acid, a 20-carbon fatty acid containing four double bonds, is liberated from the sn 2 position of membrane phospholipids by several forms of phospholipase A 2 , which are activated by diverse stimuli. Arachidonic acid is converted by cytosolic prostaglandin H synthases, which have both cyclooxygenase and hydroperoxidase (HOX) activity, to the unstable intermediates prostaglandin G 2 and prostaglandin H 2 , respectively. The synthases are colloquially termed cyclooxygenases and exist in two forms, cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2). Low-dose aspirin selectively inhibits COX-1, whereas high-dose aspirin inhibits both COX-1 and COX-2. Prostaglandin H 2 is converted by tissue-specific isomerases to multiple prostanoids. These bioactive lipids activate specific cell-membrane receptors of the superfamily of G-protein-coupled receptors, such as the thromboxane receptor, the prostaglandin D 2 receptors, the prostaglandin E 2 receptors, the prostaglandin F 2 a receptors, and the prostacyclin receptor. 
and prostacyclin (PGI 2 ). By diffusing through cell membranes, aspirin enters the COX channel, a narrow hydrophobic channel connecting the cell membrane to the catalytic pocket of the enzyme. Aspirin first binds to an arginine-120 residue, a common docking site for all nonsteroidal antiinflammatory drugs; it then acetylates a serine residue (serine 529 in human COX-1 and serine 516 in human COX-2) located in the narrowest section of the channel, thereby preventing arachidonic acid from gaining access to the COX catalytic site of the enzyme. 6 Higher levels of aspirin are needed to inhibit COX-2 than to inhibit COX-1. 7 These differences may account, at least in part, for the need to use considerably higher doses of aspirin to achieve analgesic and antiinflammatory effects, whereas antiplatelet effects can be obtained with daily doses as low as 30 mg. 3 Although newly formed platelets express both COX-1 and COX-2, 8 mature platelets express only COX-1. In contrast, vascular endothelial cells express both COX-1 and COX-2. The latter is up-regulated in response to physiologic hemodynamics 9 and is the predominant source of PGI 2 in health 10 and disease. 11, 12 Platelets and vascular endothelial cells process PGH 2 to produce primarily TXA 2 and PGI 2 , respectively. TXA 2 is synthesized and released by platelets in response to a variety of stimuli (for example, collagen, thrombin, and adenosine diphosphate) and, in turn, induces irreversible platelet aggregation through its interaction with a G-protein-coupled receptor, the TXA 2 receptor. 13, 14 Thus, TXA 2 provides a mechanism for amplifying the responses of platelets to diverse agonists. In addition, TXA 2 is a potent vasoconstrictor, 15 induces the proliferation of vascular smooth-muscle cells, and is proatherogenic. 16 In contrast, PGI 2 inhibits platelet aggregation in response to all agonists through its interaction with the PGI 2 receptor. 15 PGI 2 also induces vasodilation, 15 inhibits the proliferation of vascular smooth-muscle cells, protects the myocardium against oxidant stress, and is antiatherogenic. 16 Deletion of the gene encoding the PGI 2 receptor is associated with increased susceptibility to experimental thrombosis, thus supporting the importance of PGI 2 in vascular thromboresistance. 17 Although TXA 2 is a prostanoid largely derived from COX-1 (mostly from platelets) and its biosynthesis is highly sensitive to inhibition by aspirin, 18, 19 vascular PGI 2 is derived predominantly from COX-2 [10] [11] [12] and is less susceptible to inhibition by low doses of aspirin. 19 Aspirin induces a long-lasting functional defect in platelets that can be detected clinically as a prolonged bleeding time. 20 In contrast, low-dose aspirin has no measurable effects on PGI 2 -dependent vascular functions; thus, it does not increase blood pressure, 21 impair renal function, 22 or interfere with the antihypertensive effects of diuretics and angiotensin-converting-enzyme (ACE) inhibitors. 23 Although other mechanisms have been proposed, 3 inhibition of platelet COX-1 is sufficient to explain the antithrombotic effects of low-dose aspirin. This does not necessarily imply that a single mediator, TXA 2 , is responsible for the one quarter of major vascular events that can be prevented by lowdose aspirin in high-risk patients, because inhibition of platelet activation at sites of vascular injury may have indirect consequences, such as reducing the release of inflammatory cytokines, 24 oxygen radicals, 25 growth factors, 26 and other proteins. 27 Moreover, reduced release of these diverse platelet products may contribute, at least in part, to interference with other disease processes in which the efficacy and safety of low-dose aspirin are currently being investigated. In fact, the efficacy of once-a-day regimens of low-dose aspirin in preventing the recurrence of colorectal adenoma 28, 29 is consistent with the hypothesis that activated platelets induce the up-regulation of COX-2 in one or more types of cells involved in early intestinal carcinogenesis. 30 The effects of aspirin on the activity of platelet COX-1 have been characterized through measurements of serum thromboxane B 2 (TXB 2 ) 18,31 and urinary metabolites of TXB 2 . 19 Three important features of these effects should be emphasized: the cumulative nature of the inactivation of platelet COX-1 with repeated daily doses of aspirin, 18,31 the saturability of this effect, 18, 32 and the selectivity for functional consequences of the expression and inhibition of cyclooxygenase clinical pharmacology of the inhibition of platelet cyclooxygenase COX-1 at low doses. 18, 31 Thus, the daily administration of 30 mg of aspirin results in virtually complete suppression of platelet TXA 2 production after one week 18 through a cumulative process of fractional acetylation of roughly 50 percent of unacetylated platelet COX-1 by successive daily doses of aspirin. 31 The practical implication of this finding is that typical regimens of 75 to 100 mg of aspirin per day clearly exceed the minimal effective dose required for a full pharmacodynamic effect, thus accommodating some degree of interindividual variability in drug response. There is no evidence that the pharmacodynamics of platelet inhibition by aspirin is any different in women than in men. 18, 31 Because the maximal biosynthetic capacity of human platelets 33 ( Fig. 2A ) is several thousand times as high as the basal rate of TXA 2 biosynthesis in healthy subjects 34 ( Fig. 2B ) , the relationship between the inhibition of platelet COX-1 activity and TXA 2 biosynthesis in vivo is strikingly nonlinear 35 ( Fig. 2C ) . The inhibition of platelet COX-1 attains functional relevance when the maximal capacity to generate TXA 2 is reduced by at least 95 percent. 35, 36 The relative COX-1 selectivity of low-dose aspirin most likely accounts for the substantial residual COX-2-dependent PGI 2 biosynthesis in vivo at daily doses in the range of 20 to 80 mg, 19 despite transient suppression of COX-1-dependent release of PGI 2 . 37 More profound suppression of PGI 2 formation by higher doses of aspirin, as a function of the dose-dependent inhibition of COX-2, might be expected to attenuate the antithrombotic efficacy of the drug. However, there is limited direct evidence supporting this possibility. [38] [39] [40] Permanent inactivation of platelet COX-1 by aspirin may lead to bleeding complications as well as the prevention of arterial thrombosis. At least two distinct COX-1-dependent mechanisms contribute to the increased risk of upper gastrointestinal bleeding associated with aspirin therapy: the inhibition of TXA 2 -mediated platelet aggregation and the impairment of PGE 2 -and PGI 2 -mediated cytoprotection in the gastrointestinal mucosa. 3 Whereas the former effect is independent of a dose in excess of 30 mg daily, the latter effect is clearly dose-dependent. Inhibition of platelet function may largely account for the twofold increase in the risk of upper gastrointestinal bleeding associated with daily doses of aspirin in the range of 75 to 100 mg, inasmuch as a similar relative risk is associated with other drugs that interfere with primary hemostasis but do not affect COX-dependent cytoprotection. 41 Dose-dependent inhibition of cytoprotection by higher doses of aspirin amplifies the risk of bleeding and perforation by causing new mucosal lesions or aggravating existing ones and increases the risk by a factor of 4 to 10 at analgesic doses. The use of an antisecretory agent (especially a proton-pump Panel A depicts the level of TXB 2 production stimulated by endogenous thrombin during whole-blood clotting at 37°C and is based on data from Patrono et al. 33 Panel B shows the metabolic fate of thromboxane A 2 (TXA 2 ) in vivo and the calculated rate of its production in healthy subjects on the basis of TXB 2 infusions and measurement of its major urinary metabolite. 34 Panel C depicts the nonlinear relationship between the inhibition of serum TXB 2 measured ex vivo and the reduction in the excretion of thromboxane metabolites measured in vivo. 35 inhibitor) was associated with a reduced risk of upper gastrointestinal bleeding in patients taking aspirin in a case-control study, 42 but no adequately sized placebo-controlled, randomized trial has examined the protective effects of acid-antisecretory therapy in patients treated with 75 to 100 mg of aspirin daily.
Serum
In contrast to treatment with the vast majority of COX inhibitors, 43 low-dose aspirin therapy (75 mg daily) does not affect blood-pressure control or the need for antihypertensive therapy in patients with intensively treated hypertension. 21 This observation is consistent with the absence of an effect of lowdose aspirin on renal prostaglandin synthesis. 18, 22 In humans, renal synthesis of prostaglandins is dependent on constitutively expressed COX-2. 43 The suggestion that the benefit of ACE inhibitors after acute myocardial infarction may be reduced by aspirin 44 is not supported by the results of a large meta-analysis of myocardial infarction trials. 45 Similarly, no negative interaction occurs between ACE inhibition and the cardioprotection afforded by lowdose aspirin in patients with hypertension, 46 and a meta-analysis of six long-term randomized trials comparing an ACE inhibitor with placebo did not show that aspirin use abrogated the benefits of ACE inhibitors. 47 Thus, it appears that ACE inhibitors are beneficial irrespective of aspirin use. 47 A pharmacodynamic interaction that potentially interferes with the antiplatelet effect of aspirin is related to the two-step mechanism of COX-1 inactivation. 6 Concomitant administration of reversible COX-1 inhibitors, such as ibuprofen 48 and naproxen, 49 may prevent the irreversible acetylation of platelet COX-1 by low-dose aspirin. This is due to competition between these drugs and aspirin for a common docking site within the COX-1 channel (arginine 120); aspirin binds this site with weak affinity before the acetylation of serine 529. 6 This pharmacodynamic interaction does not occur with coxibs or traditional nonsteroidal antiinflammatory drugs (NSAIDs) such as diclofenac that have some degree of COX-2 selectivity. 48 Whether this interaction attenuates or abrogates the cardioprotective benefit of low-dose aspirin is uncertain. 50, 51 Low-dose aspirin therapy can cause upper gastrointestinal bleeding. 3 In two large trials, subgroup analyses suggested that aspirin may attenuate the gastrointestinal safety of selective COX-2 inhibitors, as compared with traditional NSAIDs. 52, 53 However, this potential interaction needs to be assessed further in studies that compare selective COX-2 inhibitors with traditional NSAIDs in patients who are receiving aspirin.
aspirin resistance
The term "aspirin resistance" has been used to describe the inability of aspirin to produce a measurable response on ex vivo tests of platelet function, to inhibit TXA 2 biosynthesis in vivo, or to protect individual patients from thrombotic complications. 54 Similar phenomena have been described for clopidogrel, which is a thienopyridine with a totally different mechanism of action from that of aspirin. 55 The term "resistance" does not describe the mechanisms underlying interindividual variability in response to aspirin or clopidogrel. In fact, it is potentially misleading, implying that something can be measured that has a direct bearing on clinical efficacy and that, depending on the results, may lead to a change in antiplatelet therapy. However, the relevance to in vivo platelet activation of the various ex vivo functional indexes of platelet capacity is largely unknown. 54, 56 Moreover, the correlations between results of different tests of aspirin responsiveness are poor. 57 Thus, we think that the term "resistance" should be abandoned. Rather, the distinct factors that contribute to interindividual variability in response to aspirin or clopidogrel should be explored. 55 For aspirin, these include the pharmacodynamic interaction with reversible COX-1 inhibitors, 48,49 as noted above, as well as the role of extraplatelet sources of TXA 2 production in different clinical settings. 58, 59 As with any drug used to prevent atherothrombosis, vascular events are frequent among patients treated with aspirin or other antiplatelet drugs, and this phenomenon is sometimes described as treatment failure. Given the multifactorial nature of atherothrombosis, it is not surprising that less than a quarter of all vascular complications typically can be prevented through the use of any one strategy. There is no scientific basis for changing antiplatelet therapy in the face of such treatment failure, since we cannot be sure whether a second vascular event in the same patient will share the same components of the causal mechanism that led to the first. Moreover, we have no convincing evidence that changing therapy is a more effective strategy than maintaining an evidence-based antiplatelet regimen. Increased awareness of factors that may in- The new england journal of medicine terfere with the desired antiplatelet effects of aspirin or clopidogrel, 55 particularly avoidable drug interactions, may result in better patient care than requesting unnecessary tests of platelet function. In fact, no test of platelet function is currently recommended to assess the antiplatelet effects of aspirin or clopidogrel in individual patients. 3, 56, 60 efficacy and safety of low-dose aspirin in the prevention and treatment of atherothrombosis in high-risk patients
The efficacy and safety of aspirin have been evaluated in several populations, ranging from apparently healthy persons at low risk to patients presenting with an acute myocardial infarction or an acute ischemic stroke. Among patients with occlusive vascular disease, both individual studies 3 and a metaanalysis of trials of antiplatelet therapy 38 indicate that aspirin and other antiplatelet drugs reduce the risk of a serious vascular event (nonfatal myocardial infarction, nonfatal stroke, or death from vascular causes) by approximately 25 percent. This figure represents a composite of a 34 percent reduction in the rate of nonfatal myocardial infarction, a 25 percent reduction in the rate of nonfatal stroke, and a reduction by one sixth in the rate of death from a vascular or unknown cause. 3, 38 Since each of these proportional reductions applies similarly to all categories of patients with vascular disease, the absolute benefits of aspirin in individual patients can be estimated by reducing the estimated absolute risk of nonfatal myocardial infarction by one third, the risk of nonfatal stroke by one fourth, and the risk of death from vascular causes by one sixth. 3, 38 Thus, among a wide range of patients with vascular disease, in whom the annual risk of a serious vascular event ranges from 4 to 8 percent, aspirin typically prevents at least 10 to 20 fatal and nonfatal vascular events for every 1000 patients treated for one year (Fig. 3) . 3, 38 Observational studies 61 and a meta-analysis of randomized clinical trials in high-risk patients 38 have demonstrated that long-term therapy with low-dose aspirin approximately doubles the risk of major extracranial (mostly, upper gastrointestinal) bleeding. In middle-aged patients, this corresponds to an estimated absolute excess of approximately 1 to 2 major bleeding complications per 1000 patients treated with low-dose aspirin for one year. 3, 38, 61 Moreover, there is an absolute excess of hemorrhagic strokes of 1 to 2 per 10,000 patients. 38 Therefore, for most high-risk patients taking lowdose aspirin, the number in which a serious vascular event would be avoided clearly outweighs the number with a major bleeding episode, unless a given patient has increased susceptibility to bleeding owing to advanced age, a history of ulcer, or concomitant treatment with other drugs interfering Such a favorable risk-benefit ratio of low-dose aspirin in high-risk patients has resulted in level 1 recommendations, 60 and the Food and Drug Administration has approved aspirin for patients at high risk for occlusive vascular disease. Despite such a recommendation, aspirin use appears to be less than optimal, according to cardiovascular registries 62,63 and a recent survey. 64 A history of adverse reactions to aspirin is a common reason for avoiding long-term use in high-risk patients. In a double-blind, placebo-controlled, randomized study of 150 patients using low-dose (80 mg daily) aspirin with upper gastrointestinal symptoms, treatment with a proton-pump inhibitor significantly reduced the rate of heartburn, but not other aspirin-associated symptoms. 65 In addition to causing gastrointestinal intolerance, aspirin is an infrequent cause of unpredictable hypersensitivity reactions, often referred to as "aspirin allergy." 66 Proper classification of patients who are allergic to aspirin and early referral of such patients to allergy services for potential desensitization may allow continued use of this lifesaving drug. 66 Thus, aspirin is recommended in all clinical conditions in which antiplatelet prophylaxis has a favorable risk-benefit profile. 3, 60 Given the potential of aspirin to cause dose-dependent impairment of gastric cytoprotection and endothelial thromboresistance, physicians are encouraged to use the lowest dose of aspirin shown to be effective in each clinical setting [67] [68] [69] [70] [71] [72] [73] [74] (Table 1 ). The available evidence supports the use of daily doses of aspirin in the range of 75 to 100 mg for the long-term prevention of serious vascular events in high-risk patients. The use of a once-a-day regimen is preferable to the use of an every-other-day regimen because of interindividual variability in the platelet turnover rate, which represents an important determinant of the extent and duration of platelet inhibition on repeated dosing with low-dose aspirin. 31 In clinical settings in which an immediate antithrombotic effect is required (such as in the presence of acute coronary syndromes or acute ischemic stroke), a loading dose of 160 to 200 mg should be given at the time of diagnosis to ensure rapid and complete inhibition of thromboxane-dependent platelet aggregation. 3 efficacy and safety of low-dose aspirin in low-risk subjects
In contrast to the clear benefits of low-dose aspirin on the risk of myocardial infarction, stroke, and death from vascular causes among high-risk patients with known occlusive vascular disease, its effects in low-risk persons are less clear. A metaanalysis of five primary-prevention trials 21, [75] [76] [77] [78] indicated that aspirin reduces the risk of myocardial infarction by approximately 30 percent (which is similar to the benefit associated with secondary prevention) but has no significant effect on the risk of stroke. 79 More recently, the results of the aspirin component of the Women's Health Study, which compared 100 mg of aspirin every other day with placebo in approximately 40,000 apparently healthy women, were reported. 80 The results were surprising because they appeared to contrast with the results of earlier trials, in which the majority of participants had been men. Aspirin reduced the risk of stroke by 17 percent (95 percent confidence interval, 1 to 31 percent; P=0.04), but there was no significant reduction in the risk of myocardial infarction (relative risk, 1.02; 95 percent confidence interval, 0.84 to 1.25). However, in secondary-prevention trials, the effects of aspirin on the risk of major coronary events and strokes were similar in men and women. 81 The reasons for this apparent discrepancy remain unclear, 82 and further research is needed to clarify this issue.
Whereas the benefits of aspirin exceed the risks of bleeding in most patients with clinically overt arterial disease, the risk-benefit ratio is marginal in low-risk populations. As shown in Figure 4 , whereas the risk of a vascular event was almost 4 percent per year among patients with ischemic heart disease in the Swedish Angina Pectoris Aspirin Trial, 67 * The lowest effective daily dose is the lowest daily aspirin dose for which direct randomized evidence of effectiveness is available. the average annual risk was much lower (0.3 to 1.6 percent per year) in six primary-prevention trials involving mostly asymptomatic subjects. The benefit of aspirin did not clearly outweigh the harm within this range of cardiovascular risk. In these primary-prevention trials, few subjects exceeded the threshold for aspirin prophylaxis recommended by the American Heart Association -a risk of coronary heart disease of 1 percent per year. 83 It is worth remembering that these trials included few people older than 70 years of age, in whom the predicted risk of coronary heart disease and stroke rises steeply and who are the dominant demographic group at elevated risk (i.e., the risk exceeds 1 percent per year). The lack of randomized trials involving older people makes it difficult to assess whether any possible benefits of aspirin would exceed the known risks of upper gastrointestinal bleeding in this age group. 84 As illustrated in Figure 5 , the risk of such complications increases sharply among people 70 years of age or older. This risk is further increased by a history of gastrointestinal disturbances (Fig. 5) and by concomitant use of nonsteroidal antiinflammatory drugs (data not shown).
Although there seems to be a general agreement among gastroenterologists that proton-pump inhibitors should be prescribed to high-risk patients taking low-dose aspirin, 85 such a strategy has not been widely adopted because of a lack of definitive evidence to support it.
There are several potential strategies for improving the ability of antiplatelet therapy to prevent atherothrombosis. One important aim is to ensure the appropriately wide use of aspirin (or some other effective antiplatelet regimen) among high-risk patients with vascular disease. Several surveys [62] [63] [64] have indicated that many patients who may benefit do not routinely receive low-dose aspirin; considerable efforts are needed to improve these statistics. In some groups of patients, however, low rates of aspirin use reflect the lack of convincing evidence of its efficacy and safety; thus, there is a need for additional placebo-controlled trials in these groups. For example, the ongoing A Study of Cardiovascular Events in Diabetes should provide valuable information about the efficacy and safety of aspirin in people with diabetes with no history of vascular future directions events, and the Aspirin in Reducing Events in the Elderly study should provide such information about patients older than 70 years of age. 86 In high-risk patients who are already taking aspirin, it is reasonable to ask whether an alternative antithrombotic regimen might be more effective than aspirin. Although clopidogrel may be marginally more effective than aspirin in certain high-risk groups, 87 adding a second antithrombotic agent (either an antiplatelet or an anticoagulant) to aspirin is likely to result in much larger reductions in risk than switching from aspirin to an alternative agent. Although there is already some evidence from randomized trials to support the use of this strategy, 71,88,89 more information is needed on its efficacy and safety in different high-risk groups.
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